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Introduction
Peptide-functionalizedsurfaces are a widely explored strategy towardsbiomaterials with enhanced or specific cell binding properties. [1] [2] [3] RGD (Arg-Gly-Asp) peptides in particular are well known to promote cell binding and have therefore been the object of numerous investigations in biomaterials science. [1, [4] [5] [6] [7] [8] [9] It has been shown that Xray photoelectron spectroscopy (XPS) can distinguish proteins from other groups of biomolecules such as polysaccharides and lipids through the spectral contrast arising from differences in elemental composition and characteristic functional groups [10, 11] Indeed, XPS has been used to characterize RGD-modified surfaces. [12] [13] [14] [15] [16] We have recently examined Schwann cell response on the surfaces of poly--caprolactone (PCL) substrates covered with RGD and the pentapeptide RGDSC (Arg-Gly-Asp-Ser-Cys). [13] Quantitative XPS allowed us to follow the immobilization surface chemistry by reference to XPS data of the solid bulk forms of the peptides and of the constituent amino acids of RGD. Core level spectra organic compounds also allow the identification of the presence of protonated and hydrogen-bonded nitrogen groups. [17] [18] [19] [20] [21] [22] For amino acids, protonated amino groups reflect the well-known [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] zwitterionic state of the molecules in their crystalline form as opposed to the neutral gas phase form. More recent investigations of the amino acids lysine [33, 34] and glycine [35, 36] as well as studies of the solid forms of pharmaceutical materials [19, 20, [20] [21] [22] have confirmed the ability of XPS to unequivocally determine the presence of protonated Brønsted acceptors.
XPS investigations of amino acids go back as far as the earliest days of photoelectron spectroscopy, [17, [37] [38] [39] but while there is a recent set of gas phase photoemission and soft X-ray absorption data for several amino acids and some homo-dipeptides, [40] [41] [42] [43] [44] [45] [46] high resolution solid state reference data are scarce. We therefore present here our body of quantitative XPS data obtained for the solid forms of the five amino acids and RGD-peptides presented in Figure 1 , investigating the zwitterionic nature and varied side-chain groups of the amino acids and drawing attention to the potential for the analysis of oligopeptides as well as potential limitations arising from sample purities. Alongside the amino acids constituting RGD we include data for glutamic acid (Glu), which is a CH 2 -homologue to Asp, and of histidine (His), which presents an opportunity to independently verify the N 1s binding energies in its imidazole ring. These N 1s binding energies are of current interest in the context of fundamental investigations with core level spectroscopy of imidazole and its aqueous solutions. [47] [48] [49] [50] The results of the measurements reported in this paper underline the ability of XPS to reliably identify the location of protonation in the zwitterions and to distinguish incisively between the various studied amino acids, especially through the presence of photoemission features from functional groups in the more complex amino acid side-chains, whilst the amide signal provides an indicator of peptide formation. The availability of such reference data should aid other researchers in the field, particularly in the interpretation of results of surface functionalization experiments.
Experimental Section

Starting materials
All amino acids except -glycine were obtained from Sigma-Aldrich, UK: aspartic (Asp) and glutamic (Glu) acids with >99.5% purity, -glycine (Gly) and histidine with >99%, and arginine (Arg) with >98%. The tripeptide RGD (>97% by HPLC) [51] and the tetrapeptide RGDS (>95%) were obtained from Sigma-Aldrich (Dorset, UK), and the pentapeptide RGDSC (96.78 %) from Biomatik Corporation (Cambridge, Canada).
Crystallization of -glycine
A mixture of 17.5 g (233 mmol, 1 eq.) of -glycine and 0.9 g (8.65 mmol, 0.037 eq.) of malonic acid was added to 50 ml of water, heated to 70°C until completely dissolved, then left to cool to 20°C. Continuous stirring throughout the experiment led to non-uniformly shaped crystals and the presence of some -glycine. Stirring was therefore only performed at the beginning and for a couple of minutes before the end of the crystallization process in order to get larger, more uniformly shaped crystals. When the mixture was completely dissolved, a large -glycine crystal (from the previous crystallization) was crushed and introduced in the solution to create nucleation sites for crystal growth (crystal seeding). After the solution had cooled to 20°C, it was stirred until precipitation was observed, then left to settle before filtration. Formation of -glycine was confirmed by microscopy (large, rod-like crystals) and comparison of X-ray powder diffraction (XRPD) patterns to single crystal data. [25, 26] 
X-ray Photoelectron Spectroscopy (XPS)
XP spectra were recorded with a Kratos Axis Ultra instrument employing a monochromatic Al K  source (1486.69 eV), a hemispherical analyzer with an electrostatic lens system, charge neutralization, and a delay line detector (DLD). Samples were fixed using double-sided tape. Experiments were performed while operating the X-ray source with a power of 180 W (15 kV and 12 mA), with the pressure below 10 8 mbar during analysis. The instrument was operated in CAE (constant analysis energy) mode, with a pass energy of 20 eV for high resolution scans of the photoemission from individual core levels, with a calibrated intensity/energy response and transmission function. [52] Surveys were measured in steps of 0.25 eV with 300 ms dwell time per data point.
Nitrogen, carbon, and oxygen 1s high resolution spectra were measured within the spectral range of interest (ca.  20 eV around the core level emission peaks) with 0.1 eV steps and 300-1000 ms dwell time per data point.
Repeats were carried out to check for radiation damage.
Analysis of the data was carried out with CasaXPS software. [53] A linear background was used in curve-fitting (minimizing  2 ) [53, 54] along with a GL(30) lineshape (70% Gaussian, 30% Lorentzian using the Gaussian/Lorentzian product form) for the C 1s and N 1s spectra. An exponential tail GL (55)T (2) lineshape [52, 53] was used for fitting the O 1s, spectra as there appeared to be some intrinsic asymmetry toward higher binding energy (BE). Samples were referenced to the C 1s emission by adventitious hydrocarbon contamination at 285 eV. [52, 54] Peak widths (FWHMs) were not fixed, to account for variation between different chemical states. Where the presence of multiple overlapping peaks was evident from the data the FWHM values were allowed to vary within constraints (FWHM ranges of 1.1 -1.5 eV) that appeared plausible in view of the instrument resolution and previously observed data. [52] Peak fitting for the more complex carbon and oxygen 1s spectra started from intensities reflecting the expected stoichiometric ratios for the chemical environments within the chemical structures ( Figure 1 ), letting the C 1s CC peak component vary in intensity to allow for differing levels of hydrocarbon contamination. Finally, the area ratios of all peaks were allowed to relax to allow for the possibility of non-stoichiometry. [55] All C 1s peak area ratios are given in the Supplementary Information. The peak intensity attributed to adventitious hydrocarbon contamination in the C 1s spectra was subtracted from the elemental composition values obtained from the survey spectra to give the corrected values. [52] Repeatability of the peak positions was 0.1 eV, while repeatability for the elemental composition values was within 1.0%. Throughout this paper, when molecular formula fragments are reported the atom of interest is indicated by being underlined where there is possible ambiguity.
Results and Discussion
N 1s XPS
Glycine has a single nitrogen atom in its structure ( Figure 1 ) giving rise to a single photoemission signal at 401.4 eV for both the -and -polymorphic forms ( Figure 2a , Table 1 ). This value is in the range for protonated nitrogen (NH 3 + ), [20] in line with the zwitterionic nature of crystalline glycine. [23] [24] [25] [26] Aspartic acid and glutamic acid also only have a single -nitrogen atom and are zwitterionic, [27, 28] leading to photoemission signals at 401.6 eV and 401.5 eV respectively (Figures 2b and 2c, Table 1 ).
Histidine has a side-chain containing an imidazole group (Figure 1 ), resulting in a total of three nitrogen atoms in the molecule. We previously determined the N 1s binding energies of nitrogen centers in chemically analogous positions in theophylline, in which they are conjugated with additional electron-withdrawing groups, resulting in N 1s binding energies (BEs) of 399.6 eV for the C=N nitrogen and of 401.0 eV for CNH. [18] The imidazole ring in histidine is not conjugated to electron-withdrawing groups and hence exhibits lower N 1s BEs, at 398.8 eV for C=N and at 400.4 eV for CNH ( Figure 2d , Table 1 ), in good agreement with the BE shift in aqueous imidazole solutions. [47, 56] The third N 1s peak of histidine at 401.4 eV (Figure 2d , Table 1 ) is again indicative of the zwitterionic, protonated -amine nitrogen, [29, 30] in line with the data for glycine, aspartic, and glutamic acid.
In the zwitterionic form of arginine, the positive charge is delocalized on the side-chain guanidine group (Figure 1 ), and not located at the usual -amine position. [32] The N 1s spectrum therefore exhibits two peak components at 399.2 and 400.0 eV, with an intensity peak area ratio of 1:3. [17] The peak at 400.0 eV is representative of the three nitrogen atoms with the delocalized positive charge, while that at 399.2 eV arises from the amine -CN nitrogen ( Figure 2e , Table 1 ).
The peptide RGD (its structure is shown Figure 1 ) has two amide NC=O linkages that lead to photoemission at 400.1 eV (Figure 3a , Table 1 ), along with a small peak at higher binding energy, at 401.6 eV, arising from the protonated arginine -NH 3 + of the N-terminus. This second protonation occurs due to Brønsted donation from the second carboxylic acid group of aspartic acid. [57] As in arginine, additional contributions to the 400.1 eV peak of RGD arise from the guanidine group (Table 1 ).
The addition of serine in the tetrapeptide RGDS increases the amide intensity relative to that of the -NH 3 + nitrogen photoemission peak (Figure 3 ), increasing the peak area ratio (Table 1) through the presence of an additional peptide bond. Similarly, the pentapeptide RGDSC incorporates cysteine at the C-terminus, further increasing the amide intensity and peak area ratio ( Figure 3 
C 1s and survey XPS
The two carbon atoms of glycine give rise to two photoemission signals from their different chemical environments (Table 2 ). In -glycine, the CNH 3 + peak arises at 286.4 eV and COO  at 288.5 eV (Figure 4a , Table 3 ). The BE positions are identical to within 0.1 eV for the -polymorph. The lowest BE C 1s peak component at 285 eV arises from adventitious hydrocarbon contamination (CC), [54] and is of greater intensity for the -polymorph (Figure 4a, inset) . This could indicate surface impurities introduced during the preparation of the -form, likely some of the malonic acid added to the crystallization process.After removal of the adventitious hydrocarbon contribution from the elemental composition, [52] there is good agreement between the experimentally observed and the expected stoichiometry values of the amino acids (Table 4) .
Five peak components are fit in the C 1s spectrum of aspartic acid, with the lowest BE peak at 285 eV again from adventitious hydrocarbon contamination ( Figure 4b , Table 3 ). The four chemical environments of carbon within the aspartic acid molecule (Table 2) give rise to four peaks: CCOOH at 285.4 eV, CNH 3 + at 286.6 eV, COO  at 288.5, and the side-chain COOH at 289.4 eV. The carboxylate COO  signal is at slightly lower BE than for the carboxylic acid (COOH), in accordance with the higher electron density at carbon for the carboxylate. [17, 58, 59] Glutamic acid has the same carbon environments as aspartic acid, with the addition of a sidechain methylene CC. In line with this, all C 1s peak components occur within 0.2 eV of those in aspartic acid ( Figure 4c , Table 3 ).
The carbons of histidine (Table 2) give rise to five peak components of increasing electronegativity, with CC at 285.0 eV, C=CN at 285.6 eV, CNH 3 + at 286.2 eV, N=CNH at 286.7 eV, and COO  at 288.3 eV (Figure 4d , Table 3 ). As with nitrogen, the imidazole ring carbon signals are slightly shifted to lower BEs compared to theophylline [18] because of the absence of the electron-withdrawing groups. As with glycine, histidine only has a COO  group and not a protonated carboxylic acid (COOH) group, hence the lower binding energy in comparison to aspartic and glutamic acid provides support for peak fitting the COO  and COOH carbons as separate components ( Figure 4 , Table 2 ). The CC, CN, and COO  C 1s photoemission lines of arginine occur at 285.0, 286.1, and 288.1 eV respectively, while the unusual carbon of the guanidinium group, with its three neighbouring nitrogen atoms and delocalized positive charge, is shifted to higher BE at 289.0 eV (Figure 4e , Table 3 ). The increased chemical shift for the highest binding energy peak compared to histidine confirms the separate peak components for the COO  and guanidinium carbons (Figure 4c and d) .
The overall envelopes of the peptide experimental C 1s spectra differ strongly ( Figure 6 ). Comparison between the elemental compositions derived from XPS survey scans (Table 4 ) and those expected from stoichiometry clearly reveals an excess of oxygen and carbon relative to nitrogen, a small Si signal for RGD and RGDSC, and a fluorine signal for RGDSC, reflecting the difficulty involved in purifying peptides and the sensitivity of XPS to even minor impurities. The presence of fluorine for RGDSC indicates some residual trifluoroacetic acid (TFA, CF 3 CO 2 H), commonly used to purify peptides or to cleave peptide from its support. [51, 54, 60] This is reflected in the atomic % values (Table 4) chain. [61] Siloxanes are a common trace impurity with organic compounds, usually at low enough bulk levels to be insignificant for bulk properties. However, they have a low solubility in the crystal bulk and therefore have a tendency to accumulate at the surface, resulting in a significant contribution to the photoemission. [61] The presence of siloxanes would increase the carbon and oxygen content, just as seen in the data (Table 4) , particularly an enhanced CC component at 285 eV. The theoretically expected peak envelopes, constructed from the known compositions of the peptides ( Figure 1 , Table 2 ), are shown in Figure 5 (insets) alongside the peakfitted peptide spectra (including the TFA contributions for RGDSC), demonstrating the strong impact of siloxane impurities particularly on the low-BE region of the C 1s data of RGD and RGDSC.
However, the elemental composition obtained by XPS for RGDS is quite close to the expected stoichiometric value ( Table 4) , showing that a quantitative fitting analysis of such tetrapeptide data can be carried out quite reliably. Prior knowledge of the expected chemical environments (Figure1, Table 2 ) and of the C 1s photoemission spectra of the amino acids allows the assignment of all peaks in the complex peptide spectrum.
The expected peak components from CC, CCOOH, CN/CNH + , COO  , and of the guanidinium carbon observed for the constituent amino acids can be fitted to the RGDS spectrum ( Figure 5b , Table 3 ). Formation of the amide (peptide) bonds between the amino acid residues (Figure 1 ) results in increased contributions at 286.4
eV from CN and at 288.2 eV from O=CN (Table 3) .
O 1s XPS
Glycine, histidine, and arginine exhibit only a single O 1s photoemission signal at 531.2-531.3 eV (Table 5 , Figure 6a , d, e) confirming the carboxylate (COO  ) form. There is some asymmetry to high BE, which could arise from the occurrence of some differential surface charging, the presence of some adsorbed water/remaining solvent, contribution from residual COOH of malonic acid, or a naturally asymmetric lineshape. [52] The protonated carboxylic acid group (COOH) has two separate chemical environments for oxygen, O=COH and O=COH, occurring at BEs around 532 and 533 eV with a 1-1.5 eV BE shift between them. [55] The COO  in aspartic acid and glutamic acid arises at 531.5-531.6 eV, while the side-chain carboxylic acid group results in additional signals from the two carboxylic acid oxygen species: O=COH occurs at 532.2-532.3 eV and O=COH at 533.2-533.3 eV (Table 5 , Figure 6b , c).
Peptide formation leads to the presence of amide oxygen centers (O=CN) and the loss of emission from carboxylic acid groups ( Figure 1 , Table 5 ). The C 1s analysis indicated that RGDS was the purest peptide sample.
The O 1s signal of COO  of RGDS occurs at 531.2 eV and is accompanied by photoemission by the amide (peptide bond) O=CN and the serine OH at 532.0 and 533.2 eV respectively (Figure 7b) . Comparing with the O 1s emission from RGD reveals relatively small but significant intensity differences between the data ( Figure   7a ). As one would expect, the RGDS spectrum has somewhat more intensity in the region of the amide oxygen, but the O 1s emission from RGDSC is overall shifted to higher BE, which is difficult to explain by the addition of another amino acid to the sequence. It seems likely that the abovementioned impurities, which contain oxygen species, make O 1s peak fitting for RGD and RGDSC impracticable without knowledge of the types/amounts of Si-O species involved as well as the protonation state of the carboxyl group in TFA. The overall envelopes of the O 1s spectra are relatively similar for all three peptides (Figure 7a) , illustrating that the O 1s emission is intrinsically less diagnostic and less specific than the C 1s and N 1s spectra, because of the relatively weaker chemical shifts for different oxygen environments. [55] Bulk hydration and/or water adsorption are likely additional contributors to the complexity of the O 1s data.
Conclusions
We have reported a set of C 1s, N 1s, and O 1s core level binding energies from a quantitative XPS analysis of several amino acids with different side-chain groups. As in our recent study of saccharides, [52] a contribution from adventitious hydrocarbon contamination is clearly evident for all samples, but can, due to its distinctive chemical shift, be quantitatively accounted for in the data analysis. For the -polymorph of glycine, a higher hydrocarbon contamination level may be associated with adsorbed additive (malonic acid) from the preparation process.
The imidazole group in histidine shows similar BE-shifted N centers as the photoemission from the two nitrogen centers in theophylline, although shifted to slightly lower BE values due to the absence of electron withdrawing groups. The observed BE shift between the two ring nitrogen species is also in good agreement with reported experimental values for aqueous imidazole solutions. [47, 56] The unusual guanidinium chemical environment found in arginine is distinguished by nitrogen and carbon chemical shifts, with a high BE carbon photoemission.
With knowledge of the XPS data for the individual amino acids data we could interpret the photoemission data for RGD peptide systems. The zwitterionic nature of the amino acids and peptides in the solid state was clearly identifiable from the presence of signals from protonated amine and from carboxylate groups. The chemical shifts observed for the free amino acids assist characterization of the peptide RGDS, taking into account the formation of amide peptide bonds between the residues. We did find that XPS is very sensitive to common contaminants in peptide products (TFA, siloxanes), but the results for the comparatively pure tetrapeptide RGDS show that it is possible to detect the effect of adding another amino acid to the RGD sequence. In conclusion, XPS clearly has enough chemical sensitivity to distinguish between short oligopeptides sequences when amino acids with sufficiently distinctive side chains are involved, and when impurities do not obscure the data too strongly. Even though the C 1s and O 1s signals for RGD and RGDSC had strong contributions from impurities, variations in the N 1s intensities varied between these peptides were diagnostic, because the N 1s photoemission from additional amide groups was not obscured by the impurities. Table 4 .XPS elemental compositions (atomic %), and those corrected for adventitious hydrocarbon contamination [52] (values expected from molecular formula in italics).
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